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Abstract. In this paper the problem of losses from evaporation of light fractions of hydrocarbons during loading operations
of tanker fleets vessels is considered. It was found that there is no unified approach to modeling the system “tanker —
gas phase pipeline — vapor recovery units” in open sources. The absence of a generally recognized model makes it
impossible to scientifically justify the application of instruments to reducing losses and the development of corresponding
measures. In work it is showed that the dynamics of growth of pressure in the inner tanker capacity is described by
a differential equation, considering for non-stationary essence of the process. This equation is converted to a non-
dimensional form and investigated in relation to the similarity criteria of this system. This research has allowed to
establish unambiguously the general character of pressure changes in the inner tanker capacity, and to predict the peak
values of its growth at the initial stage of the loading operation. The obtained equations were tested on real tanker
loading data and showed satisfactory convergence with the experimental data. At different stages of the loading opera-
tion the component composition of vapor changes, which is shown by chromatographic analysis of the gas mixture.
With the availability of a model of hydrocarbon vapor displacement from the inner of tanker, it is possible to propose
measures to minimize the negative impact on the environment and return valuable vapors of the product to the techno-
logical chain of transportation.

Keywords: oil tanker; marine terminals; evaporation loss; crude; oil terminal; vapor recovery units; volatile organic com-
pounds; oil losses
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Introduction. In the process of tanker loading oil or oil products evaporate intensively, which
leads to an increase of the excess pressure in their internal space. In case of high loading rates and
insufficient capacity of gas venting systems, when the pressure reaches a critical value a part of the
gas-air mixture is released into the atmosphere. Venting vapors to the atmosphere through breathing
valves or mast riser is undesirable for the following reasons:

« irretrievable loss of valuable materials occurs (for comparison, for a tanker of Aframax class
the size of losses during one operation of crude oil loading can make approximately half of the volume
of one railway tank);

« arisk of emergency stop of loading due to triggering of automatic systems at the berth because
of high gas level;

« evaporation of light fractions worsens quality indicators of oil products;

« pollution of atmospheric basin occurs [1, 2].

The way of controlling losses from vaporization at oil loading terminals is introduction and ef-
ficient operation of vapor recovery units (VRU) [3, 4]. If in domestic practice oil loading terminals
have just begun to be equipped with such devices since about 2010 (mainly imported), then abroad
they have gained a great practical experience of their application [5, 6]. In the world practice of re-
search in this field the leaders are the countries which are characterized by large volumes of tanker
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traffic: the USA, Japan, Norway, China [7, 8]. Despite the relatively successful use of these units,
there is also a negative experience. Research in this area, especially the project VocSim implemented
by Norwegian Marine Technology Research Institute [1], despite substantial financing, could not
provide a universal solution for modeling system “tanker — gas phase pipeline — vapor recovery unit”
[9, 10]. The reasons are the following: oil (or oil products) evaporation process has a complicated
non-stationary character; uniqueness of every separate oil terminal and tanker; a great number of
influencing factors. Some research in the field of heat transfer in the internal tanker space [11],
determination of vapor composition [12, 13], evaporation processes for different products [14, 15],
improvement of individual systems and emission reduction means [16, 17] etc. are of a detached type
and can not efficiently solve the task of emission reduction and operative control within an oil termi-
nal as a whole [18, 19].

An important issue is the total volume of volatile hydrocarbon emissions through the mast riser.
This value is not monitored, there are simply no flow measurement devices installed on the mast riser
line, and calculated estimates are impossible or inaccurate due to the lack of a model of pressure
changes in the tanker's gas space. The air-gas mixture being vented through the mast riser enters the
atmosphere directly, bypassing the vapor recovery unit, which makes it impossible to recover at least
part of the vapor. Vapors are vented when the critical pressure is exceeded through the special piping
of the tanker. The flow mode is characterized by non-linearity in pressure, and there is also uncer-
tainty in the duration of opening the mast riser. As a rule opening takes place at the direction of the
tanker captain for a short period at the moment of peak pressure growth dynamics in order to stabilize
it. From the terminal side, these processes are fixed as unavoidable costs of the technological process.
Such approach is not quite correct, since it is impossible to exclude irregular situations completely,
but it is possible to minimize their negative impact.

The aim of the study is to provide a scientific basis for measures to reduce losses and improve
the efficiency of operation of vapor recovery units. The work consistently solved a number of related
problems: the dynamics of pressure growth in the gas space of the tanker has been simulated; the
obtained solution has been tested on the data of real loading in the port of Kozmino; the quantitative
content of hydrocarbons C1-Cyg at different stages of the loading operation has been experimentally
determined. Within the framework of the given model, estimates were obtained for possible emission
reduction reserve in case of prevention of opening of the mast riser.

Methodology. In the part of obtaining experi-
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tanker's motions/rolling; non-uniformity of the gas removal system; internal convective fluxes;
changes in temperature [27, 28]. The principal diagram of vapor release during cargo loading provides
a line: “tanker gas system — gas phase pipeline — vapor recovery unit — gas vent” (Fig.2) [29, 30].
Values for pressure and temperature in the loading process are taken from data of the automated
workstation of the vapor recovery unit dispatcher [31, 32]. Part of the information is obtained from
the tanker's automation systems (pressure in tanks, oxygen content, and temperature in tanks) [33, 34].
A representation of oil vapor displacement during tanker loading is shown in Fig.3.
The equation of state of the gas-air mixture in differential form is:
d—PV+d—VP=d—GRT, (1)
dt dt dt
where V — the volume of the tanker’s gas space, m®; P — pressure in the gas space of the tanker, Pa;
R — the gas constant for the component mixture (based on the average molar mass of the vapor),
J/kmol-K; T — the temperature inside the gas space of the tanker.
As a result of reducing the equation to a non-dimensional form, it is found that the rate of pressure
growth in the inner tanker volume capacity is determined by the following differential equation:

d 2 -1
d—i’(l—r)zy+\|/(1—(1—§)T )_yT )

Fig.2. Schematic diagram of gas vent systems of the tanker, coastal and berthing facilities

1 - node protection berthing facilities fender; 2 — double housing; 3 — tanker; 4 — mast riser; 5 — a stander removal of the gas phase;
6 — shut-off and control valves; 7 — detonation arrestor; 8 — the pipeline of the gas phase; 9 — VRU; 10 — gas vent;
Qcam — flowrate gas-air mixture; J — mass transfer

Rising oil level reduces free space
_~~ and leads to displacement of vapors

Oil evaporation surface area

Fig.3. Schematic representation of oil level rise (one compartment is shown in section) and oil vapor displacement during tanker loading
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where y — dimensionless pressure; T — dimensionless time; y — similarity criterion for the contribution
of mass transfer to the pressure growth dynamics; 6 — similarity criterion for the contribution of hy-
draulic resistance to the pressure growth dynamics; & — dimensionless ratio for mass transfer;
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start

Pend — pressure at the endpoint; F — evaporation surface area; Qioad — Oil filling flow rate of the tanker;
A — hydraulic resistance coefficient; D — pipeline diameter; S — cross-sectional area of the gas phase
pipeline; t — the current time since the beginning of loading; ticad — full filling time; Jend, Jstat — Mass
transfer at the final and starting points of time.

From the dimensionless point of view the dynamics of pressure changes are described by a func-
tional dependence of the form:

y=f(v.0,&1). (8)

The dependence (8) can be used as a reference in the construction of bench equipment to test
working hypotheses on the operation of vapor recovery systems and gas removal systems on small-
scale units in laboratory conditions [35]. The value of hydrocarbon losses at the opening of mast riser
should be determined based on the mass flow rate of the gas-air mixture through the ventilation sys-
tem of the tanker:

Sy \[Por I* = Py 2
Gmr _ vent [ mr] atm ’ (9)

ﬁ\/zln [Em']+x Ler g

atm vent

where Svent — flow area of the pipeline of the tanker ventilation system; [Pm:] — mast riser opening
pressures; Pam — atmospheric pressure; T — gas-air mixture temperature; Less— effective length inclu-
ding local friction drag; Dvent— pipeline’s diameter of the tanker ventilation system; R — universal gas
constant; & — a factor that takes into account the degree of opening of the mast riser.

The mass flow rate is related to the volumetric flow rate by the following equation:

Gmr = erpGAM, (10)

where Qmr — volumetric flow rate of the gas-air mixture through the mast riser; pcam — gas-air mixture
density.
The total hydrocarbon losses through the mast riser per year should be determined from the
equation:
Gan = er cav Tmr Nnum, (11)

where cay— average concentration of hydrocarbons in the emission, g/m?; tmr — average length of time
the mast riser is open; Nnum — the number of cases of opening a mast riser per year.
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Estimated calculation of damage in value terms:
ED = Gail ovoc + Gall Seff Gerude, (12)

where ovoc — fee rate for the emission of 1 t of the amount of hydrocarbons C1-Cio; Setf — predicted
degree of the gas-air mixture refining; cerude — cost per 1000 m?2 of oil.

Discussion of the results. The developed model was tested on the data of real tanker loading,
and a number of practical results were obtained (results in Table). Basic data on tanker loading: tanker
deadweight — 106208 t; dimensions — 241x44 m; inert gas — exhaust gases; oil density — 0.872 t/m?
at 20 °C; saturated oil vapor pressure — 54.3 kPa; duration of loading — 14.21 h. The results of appro-
bation of the developed model on the data of real loading operation are shown in Fig.4.

Because the model showed satisfactory convergence, (discrepancies do not exceed 10 %) with
the data collected during the loading operation, it is proposed to apply its results to estimate losses in
case of opening of the mast riser. The highest pressure is reached from two hours after the start of
loading at a linearly increasing pumping rate [36]. At these moments it is not rare for tankers to open
the mast riser. Calculations are given by the example of operation of the tanker gas removal system
and vapor recovery adsorption unit in the port of Kozmino (Fig.5).

Results of approbation of the mathematical model

Time from the beginning | Pressure according to the tanker's Prefs iﬁ retlnlzhe |nner;,_pace
of the loading operation, h automatics systems, Pa ot the tanker according
to simulation results, Pa
0 101815 101815
1 103596 104081
2 103899 104159
3 107643 108083
4 108681 108651
5 108894 108544
6 108837 108357
7 108702 108742
8 108550 108730
9 108399 108274
10 108253 108268
11 104983 105313
12 104891 104886
13 105585 105820
14 103946 104236

109325

108325 K Y-l
107325 ad

106325 ‘
105325 )
104325 /
103325 /o
102325 /'

1013259
0 1 2 3 4 5 6 7 8 9 10 11 12 1314 15
Time elapsed since the start of the loading operation, h

Absolute pressure inside
the tanker, Pa

Fig.4. Results of approbation of the mathematical model

1 — automatics data of tanker “MASTERA”; 2 — the results within the developed model;
3 — opening area mast riser
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Oil tanker

Vapor recovery unit

Loading arm

Fig.5. Schematic diagram of vapor displacement from a tanker to a vapor recovery unit

On the basis of the developed technique of the damage estimation, connected with opening of
the mast riser, there were made forecast calculations of the given value with the average mass content
of hydrocarbons C1-Cio 273.52 g/m® and degree of cleanup of the gas-air mixture of 72.6 % [37, 38].

The results of calculations of damage caused by opening the mast riser (based on 50 mast riser
openings per year, which is taken from the average operating data) [39]: estimated hydrocarbon losses
per loading — 12.3 t; estimated annual hydrocarbon losses — 615 t; damage in value terms for 1 year
(including the value of the irretrievably lost product) — 26.623 million rub.

The damage in cost terms can either be completely eliminated or minimized in the case of
operational management of tanker loading and control over the operation of the vapor recovery unit
systems [40, 41].

Conclusion. As part of the study, for the first time a generalized model of the dynamics of pres-
sure growth in the gas space of the tanker was obtained, and the resulting solution was tested on the
data of real loading in the oil terminal. It was found that the pressure change during the loading
operation is non-linear and has a local maximum. In order to avoid the opening of the mast riser, it is
necessary to ensure such loading modes, which are outside the area of critical pressures. It has been
established experimentally, that the quantitative content of hydrocarbons C1-Cio increases with the
process of loading, at its initial stage light components (methane, ethane, propane, butane) evaporate,
and at the final stages hexane and higher hydrocarbons Cs+ evaporate. Within the framework of the
developed model the possible reserve for the reduction of emissions into the environment at the opening
of the mast riser was rated. Operational management of tanker loading allows reducing emissions by
saving about 26 million rub. per year.

The conducted research provides a scientific basis for the measures to reduce losses and improve
the efficiency of vapor recovery units’ operation. In the future, this research will allow not only to
increase efficiency of domestic units within the own developments in line with the import substitution
programs, but also to provide secure, resource-saving, environmentally friendly operation of oil
terminals.
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